M. The effect of total starvation and very low energy diet in lean men on kinetics of whole body protein and five hepatic secretory proteins. Am J Physiol Endocrinol Metab 293: E1580-E1589, 2007. First published September 18, 2007; doi:10.1152/ajpendo.00169.2007.-It is unclear whether the rate of weight loss, independent of magnitude, affects whole body protein metabolism and the synthesis and plasma concentrations of specific hepatic secretory proteins. We examined 1) whether lean men losing weight rapidly (starvation) show greater changes in whole body protein kinetics, synthesis, and circulating concentrations of selected hepatic secretory proteins than those losing the same amount of weight more slowly [very low energy diet (VLED)]; and 2) whether plasma concentrations and synthetic rates of these proteins are related. Whole body protein kinetics were measured using [1-
Ϫ1
; P ϭ 0.003) and ␣ 1-AT (17.8 vs. 3.6 mg⅐kg Ϫ1 ⅐day
; P ϭ 0.02); and plasma concentration of ␣ 1-AT (P ϭ 0.025). Relationships between synthetic rates and plasma concentrations varied between the secreted proteins. It is concluded that synthetic rates of hepatic secreted proteins in lean men are more closely related to the rate than the magnitude of weight loss. Changes in concentration of these secreted proteins can occur independently of changes in synthetic rates, and vice versa. protein turnover; plasma proteins; very low energy diet ALTHOUGH MANY OF THE METABOLIC CHANGES associated with weight loss are well described, not all are consistent. For example, basal metabolic rate has been reported to be significantly increased (18, 21, 48, 76) , decreased (21, 30, 43, 44) , or no significant change (21, 23) . Similarly, studies of whole body protein kinetics have reported variable responses in synthesis, breakdown, and oxidation. While this may be due to differences in the tracers employed or the initial body composition, other factors such as the extent and rate of diet-dependent weight loss may also be important. For example, plasma retinol binding protein (RBP) and prealbumin [transthyretin (TTR)], both advanced as markers of nutritional status, decrease during experimental and therapeutic starvation (no macronutrient intake) and during weight loss associated with inflammatory diseases, but are often normal in patients with severe anorexia nervosa (62) . Little attention appears to have been given to the possibility that the rate of weight loss, determined by the extent of dietary restriction, may have major effects on physiology and metabolism, independent of the magnitude and composition of weight loss. Such a consideration may explain some of the discordance between literature reports.
Recently, it has been proposed that physical, psychological, and metabolic functions are affected to a greater extent when the rate of weight loss is rapid than when the same amount of weight loss occurs more slowly in both lean (19, 29) and obese subjects (24) . Evidence is limited, however, partly because experimental data are difficult to interpret due to the confounding effects of a variety of other factors. For example, in clinical practice, rapid weight loss suggests greater risk of malnutrition and worsened outcome, but this is often confounded by the presence of disease with variable severity and/or treatments that produce a number of unwanted side effects. Better experimental control exists for animal studies, e.g., turpentineinduced abscesses in rats healed more slowly and the acute phase protein response (measured using ␣ 2 -macroglobulin, which is a major acute phase protein in the rat) was more attenuated after rapid as opposed to slow, but similar, weight loss (37, 39) . This occurred even if the abscesses were induced at the end of a period of weight loss and followed immediately by maintenance intake.
Experimental studies in humans have generally not controlled for both the rate and extent of weight loss, nor for the independent effect of initial adiposity, known to influence the metabolic response to starvation and semistarvation (18) . One reason is the difficulty of recruiting lean subjects, within the desirable range of weight, to lose 5-10% of their body weight. In this study, we examined the effect of 5% loss of body weight induced either rapidly (5 days) through total starvation (water only), or more slowly (9 days) with a very low energy diet (VLED; 2.5 MJ/day), on whole body protein kinetics and the synthesis of specific proteins secreted from the liver. These secreted proteins were selected because they fulfill a range of functions, including transport of minerals [iron, transferrin (TR)], vita-mins (vitamin A, RBP), hormones (thyroxine, TTR), lipids [cholesterol, high-density lipoprotein (HDL)-apolipoprotein A1 (apoA1)], and participation in the acute-phase protein response to inflammatory stimuli [e.g., ␣ 1 -antitrypsin (␣ 1 -AT)]. In addition, the inflammatory response can also be modulated by anti-inflammatory properties of HDL-apoA1 (42) . Finally, animal experiments have implicated RBP in insulin sensitivity (75) , but evidence for this in humans has been lacking (72) .
For the VLED intervention, the study was extended up to 21 days to induce greater weight loss and to distinguish the effect of the magnitude of weight loss from the rate of weight loss.
METHODS

Subjects.
Approval was obtained from the Cambridge Local Research Ethics Committee (Addenbrookes Hospital, Cambridge, UK) and the Ethics Committee (Dunn Clinical Nutrition Centre, Cambridge, UK). All subjects gave written, informed consent for participation after the nature of the protocol was fully explained, and an honorarium was provided for their participation. Eleven lean men (body mass index: 18.1-26.2 kg/m 2 ) who were in good health and weight stable within the previous 2 mo (Ϯ1.5 kg) were studied. Subjects were within a limited age range, nonsmokers, and not taking any medication. The physical characteristics of the subjects are shown in Table 1 .
Study design. The subjects were studied during weight loss induced either by starvation (rapid weight loss; n ϭ 6) or semistarvation with a VLED (slower weight loss; n ϭ 5). All subjects were admitted to a residential metabolic facility (at the Dunn Clinical Nutrition Centre, Cambridge, UK) and given a weight maintenance diet for a period of 7 days (see section on dietary intervention below). Six subjects were then starved (water only) for a period of 5 days, with the aim of achieving a 5% weight loss. Protein kinetic measurements were undertaken twice: immediately before the fast and at the end of the 5% weight loss. The other five subjects (VLED group) received 2.5 MJ/day for ϳ9 days, to again lose ϳ5% of initial body weight, and this diet was continued until day 21 to achieve a weight loss of not more than 10% of initial body weight. These subjects, therefore, had protein kinetics measured on three occasions (at baseline, at day 9 with 5% body weight loss, and at day 21 with ϳ7-8% loss of body weight).
Dietary intervention. The maintenance diet for each subject (as energy, 40% fat, 45% carbohydrate, and 15% protein) was freshly prepared and provided as three isoenergetic meals daily, with a 3-day rotating menu. The individual maintenance energy intakes for each subject were based on 1.4ϫ the predicted basal metabolic rate (61) . The dietary intake was occasionally altered (increased or decreased by 0.5 MJ/day), with the aim of reversing small, but consistent trends in body weight. The VLED (2.5 MJ/day) was also given daily as three isoenergetic meals and was provided in a 5-day rotating menu. The macronutrient composition of the diet was similar to the standard maintenance diet (40% fat, 45% carbohydrate, and 15% protein). Isotope infusion protocols. Two isotope infusions were undertaken successively. After an overnight (12 h) fast, whole body leucine irreversible loss rate, protein synthesis, breakdown, and oxidation were monitored first with a primed, 4-h continuous intravenous infusion of [1- 13 C]leucine, a preferred method (59, 73) . This was followed immediately by a primed, 7-h continuous infusion of [ 13 C2]glycine to determine the rates of synthesis of five hepatic secreted proteins (RBP, TTR, HDL-apoA1, TR, and ␣ 1-AT), based on plateau isotopic enrichment of apolipoprotein B100 (apoB100) [a constituent of very low density lipoprotein (VLDL)-apoB100] as representative of the hepatic precursor pool used to synthesize secreted proteins (34, 36) .
For both infusions, an intravenous catheter was inserted into an antecubital vein of one arm for the continuous infusion of the tracer solution, and another in a superficial dorsal hand vein on the contralateral side to obtain arterialized blood, using a procedure previously validated for repeated blood sampling (46) . A sample of blood (10 ml) was drawn before the start of the infusion for baseline metabolic measurements and to establish natural isotopic abundance ratios.
A sterile, pyrogen-free 50 mM solution of [1-13 C]leucine (Cambridge Isotope Laboratories, Andover, MA) was prepared in 9 g/l of NaCl and after prime doses of this (7.5 mol/kg) and sodium [ 13 C]bicarbonate (1.75 mol/kg) was infused (5 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) for 4 h. Blood samples were taken at 120 min and at 20-min intervals thereafter until 240 min. Arterialized blood samples (4.5 ml) were collected into lithium heparin tubes (Sarstedt Monovette, LiHep vacutainer, 5 ml) and stored on ice until centrifuged at 4°C, 1,000 g, for 10 min. The plasma was then stored at Ϫ20°C until analysis. Breath samples were collected at the same times as the blood samples. Subjects inspired through the nose, held their breath for 5-10 s, and then expired through the mouth via an attached 19-G needle into a polyethylene bag (Simpla Plastics, Cardiff, Wales, UK). Samples of expired air were transferred in triplicate into 15- C2]glycine prepared in 9 g/l of NaCl was infused (15 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) for 7 h, after a prime dose (20 mol/kg). Blood samples (5 ml) were taken hourly between 3 and 7 h of infusion into Na2-EDTA tubes containing 5 l of a cocktail of 20 mg/ml sodium azide, 10 mg/ml merthiolate, and 20 mg/ml soybean trypsin inhibitor. The blood was immediately centrifuged at 4°C, and the plasma was removed and stored at Ϫ80°C for later analysis.
Sample analyses. Plasma concentrations of triacylglycerol (TAG), total cholesterol, glucose, and iron were measured on a Cobas Fara analyzer (Roche Diagnostic Systems, Welwyn Garden City, UK) using spectrophotometric assay kits (Unimate 5 Trig, Unimate 5 Chol, Unimate 5 Gluc HK, and Unimate 5 Iron, respectively) supplied by the manufacturer. The same analyzer was used to analyze plasma concentrations of nonesterified fatty acids using an enzymatic spec- Values are means Ϯ SD. Percent fat was measured using the 4-component model of Fuller et al. (27) . VLED, very low energy diet. There were no significant differences between the two groups.
trophotometric assay (Wako NEFA-C, Alpha Laboratories) and plasma ␤-hydroxybutyrate concentrations using the methodology of Williamson et al. (74) .
Plasma retinol was assayed using high performance liquid chromatography with the use of the method of Thurnman et al. (68) .
Plasma concentrations of RBP, TTR, HDL-apoA1, ␣ 1-AT, and TR were measured by radial immunodiffusion kits (NLRID; The Binding Site, San Diego, CA). VLDL was separated by ultra-centrifugation, and apoB100 was precipitated with isopropanol, as previously described (34) . The HDL fraction was isolated in a 1.21 g/ml NaBr-EDTA gradient by ultracentrifugation at 450,000 g and 22°C for 16 h (34).
RBP, TTR, ␣ 1-AT, and TR were isolated from plasma by sequential immunoprecipitation with anti-human RBP, TTR, ␣ 1-AT, and TR (Behring, Somerville, NJ), as previously described (63) . The immunoprecipitates, ApoB100 precipitate and isolated HDL fraction, were subjected to SDS gel electrophoresis to separate protein from antibody or to separate apoprotein from other lipoprotein components. A pure standard of each protein (Sigma, St. Louis, MO) and low molecular weight marker standards (Bio-Rad Laboratories, Richmond, CA) were also included in the gel (63) . After staining with Coomassie brilliant blue dye, the bands corresponding to the protein standards were excised and washed several times. The gel bands were then hydrolyzed in 6 mol/l HCl at 110°C for 12 h. The amino acids released from hydrolysis of the proteins were purified by ion-exchange chromatography using AG50W-X8 resin, 100 -200 mesh hydrogen form (BioRad Laboratories, Hercules, CA).
RBP, TTR, ␣ 1-AT, TR, apoA1, and apoB100 derived amino acids were converted to the N-propyl ester heptafluorobutyramide derivatives, and the isotopic enrichment of glycine was determined by negative chemical ionization gas chromatography-mass spectrometry on a HP6890 gas chromatograph coupled to an HP5973 quadrupole mass spectrometer (Hewlett-Packard, Palo Alto, CA). The glycine isotope ratio was determined by monitoring ions at mass-to-charge ratios of 293 to 295.
The preparation of the plasma samples for the measurement of isotopic enrichment of ␣-ketoisocaproate (KIC) is described elsewhere (8) . The enrichment of ␣-KIC in plasma was measured by gas chromatography-mass spectrometry as the tertiary butyl-dimethylsilyl derivative under electron impact ionization with selective ion monitoring (8) , with a VG-12-250 quadrupole mass spectrometer (VG MassLab, Manchester, UK). Measurement of breath CO2 enrichment was as described by Milne and McGaw (50a) . Urine nitrogen (N) was measured by the Kjeldahl method (Kjeltec system, Tecator AB, Hoganas, Sweden).
Calculation and statistics. N balance during weight loss was calculated as the difference between N intake and N loss in urine plus an estimate of nonurinary N losses, which for simplicity was assumed to be 0.5 g N/day in the starvation group (assuming little or no fecal loss) (25) and 1.0 g N/day in the VLED group (assuming loss of 0.5 g N/day in feces).
Whole body protein turnover was calculated in two ways (47, 49 ) that differ in the assumption concerning the partitioning of the infusate between oxidation and synthesis. The results and trends within groups were similar and for simplicity; only data by one approach (24) are presented, which assumes that the tracer is in excess and that an equivalent amount of leucine is oxidized.
In the postabsorptive state, leucine irreversible loss rate (ILR) provides an estimate of protein breakdown (mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) based on a one-pool steady-state model (49) from tracer dilution:
where i is the tracer infusion rate (mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) and Ei and Ep are the tracer-to-(tracer plus tracee) ratios of the infusate and plasma ␣-KIC (corrected for the natural abundance ratio) at plateau, respectively. Steady isotopic state of plasma ␣-KIC enrichment was maintained in both the starvation and VLED groups (see Table 3 ).
Leucine oxidation (Leuoxid; mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) from 13 CO2 excretion in expired breath was calculated as follows:
where V CO2 is the volume of CO2 produced, E CO 2 is the isotopic enrichment of carbon dioxide (atom percent excess), Bwt is body weight (kg), R f is the fraction of carbon dioxide recovered in the breath during the fasted state (0.81), and E KIC is the enrichment of KIC (16) . The product of 44.6 and 60 converts milliliters per minute to micromoles per hour of CO 2. The rate of leucine incorporated into protein (protein synthesis) was estimated from the difference between total leucine irreversible loss rate and endogenous leucine oxidation.
For the hepatic secreted proteins, the fractional synthetic rate (FSR) of each protein was calculated, assuming a precursor-product relationship, as follows:
where IE t 7 Ϫ IE t 5 is the increase in the isotopic enrichment of glycine bound in RBP, TTR, HDL-apoA1, ␣ 1-AT, and TR between 5 and 7 h (t7 Ϫ t5) of the infusion, and IEpl is the isotopic enrichment of glycine bound in VLDL-apoB100 in plasma at plateau levels of enrichment (3) .
The plasma enrichment of VLDL-apoB100 bound glycine in plasma is assumed to represent the isotopic enrichment of the intrahepatic glycine pool from which all hepatic secretory proteins are synthesized (3, 36) . In addition, the steady isotopic state of the enrichment of VLDL-apoB100 was also shown to be maintained in both the starvation and the VLED group during the continuous infusion of [ 13 C]glycine (see Table 3 ). The intravascular absolute synthesis rate (ASR) for each protein was then calculated as follows:
where the intravascular mass of a protein is the product of the plasma volume and the plasma concentration of the protein. The plasma volume of each subject was estimated based on the ideal body weights of the subjects (1), using the equation:
where excess weight is the difference between the actual and the ideal weight of the subject. Statistical analysis. The data are presented as means Ϯ SD. Differences between baseline and 5% body weight loss (starvation and VLED) or 7% body weight loss (within VLED only) were assessed by repeated-measures ANOVA. The effect of rate of 5% weight loss between groups was assessed by split level repeatedmeasures ANOVA (with subject as blocking factor). Results were also analyzed using analysis of covariance, with baseline values as the covariates, but, because the effect of the covariate was not significant, the outcomes were similar to those obtained by split level repeatedmeasures ANOVA and will not be described here. A P value of Ͻ 0.05 (two-tailed) was taken to represent statistical significance. Analysis was undertaken using SPSS statistical software package (version 10.0, SPSS, Woking, Surrey, UK).
planned 5% weight loss (Table 2 ). In addition, percent body fat did not differ significantly between the groups at 5% weight loss (Table 2 ) nor did the change in protein mass. Thus neither the total N losses during 5% weight loss in the starvation and VLED groups (Ϫ57 Ϯ 7 vs. Ϫ58 Ϯ 22 g N) nor the N loss per kilogram weight loss (Ϫ15.9 Ϯ 2.3 vs. Ϫ19.7 Ϯ 8.54 g N/kg) differed significantly. During the 5% weight loss, subjects in the VLED group each received a total protein intake of 155 g protein (24.8 g N), corresponding to 17.9 g protein/day. Over the entire period on the VLED, there was ϳ7% weight loss and a total negative N balance of Ϫ82 g N (Ϫ17.9 g N/kg weight loss). Throughout the continuous infusion of [
13 C]leucine and [ 13 C]glycine in the studies of whole body protein turnover and synthetic rates of hepatic proteins, isotopic steady states were maintained in both the starvation and VLED groups (Table 3 ). In addition, none of these isotopic enrichments at these time points were significantly different from each other using paired t-test in both studies.
Mean whole body protein synthesis decreased in both groups at 5% weight loss (P ϭ 0.036 effect of weight loss, Table 4 ), with no difference between groups. In contrast, responses in protein breakdown differed (P ϭ 0.012 interaction term), with an increase in the starvation group and a decrease in the VLED group. The total oxidation rate increased significantly more in the starvation group than in the VLED group (P ϭ 0.015 interaction term), which showed little change from baseline.
In the VLED group, the changes in protein synthesis and breakdown became more marked after a further 7% weight loss (P ϭ 0.011 for the extra weight loss).
Changes in circulating concentrations of nutrients and metabolites at 5% weight loss in both groups and at 7% weight loss in the VLED group are shown in Table 5 . In the starvation group, there were significant decreases in the plasma concentrations of glucose, and significant increases in TAG, cholesterol, and ␤-hydroxybutyrate compared with baseline values. However, in the VLED group, there was a significant decrease in the plasma concentration of iron and a significant increase in ␤-hydroxybutyrate, which was less than in the starvation group, and a nonsignificant decrease in cholesterol at 5 and 7% weight loss ( Table 5 ). The changes in all of the above metabolites were significantly different in the starvation group compared with the VLED group (interaction effect, Table 5 ). The concentration of retinol decreased significantly in the starvation group, but not the VLED group. In contrast, the plasma concentration of iron decreased significantly in the VLED group and not the starvation group (significant interaction with both of these nutrients).
At 5% weight loss, the plasma concentration of TTR decreased by 0.07 g/l in both groups (P Ͻ 0.001) and RBP by 0.0135 g/l (P ϭ 0.001; Table 6 ). In contrast, ␣ 1 -AT markedly increased during starvation, but was unchanged in the VLED group (P ϭ 0.025, interaction term; Table 6 ).
The FSR of the various hepatic export proteins did not differ between the two groups at baseline and increased with 5% weight loss for RBP, TTR, and ␣ 1 -AT in both groups, although the changes were significant only for RBP (both groups) and ␣ 1 -AT (starvation group only) ( Table 7) . HDL-apoA1 also increased for the starvation group, but not in the VLED group. The increase in FSR between baseline and 5% weight loss was greater in the starvation group for HDL-apoA1 and RBP (Table  7) and also exceeded the change associated with further weight loss in the VLED group (P ϭ 0.008 for HDL-apoA1, P Ͻ 0.001 for RBP and P ϭ 0.01 for ␣ 1 -AT).
As with concentration and FSR, the ASR for all of the secreted proteins was not different between groups at baseline (Table 8) . At 5% weight loss, the ASR of ␣ 1 -AT increased in the starvation group (P ϭ 0.008) and significantly more (P ϭ 0.020) than the VLED group. Similarly, the ASR for HDLapoA1 increased in the starvation group (P ϭ 0.012) and significantly more than the VLED group (P ϭ 0.003). There were no effects of weight loss on ASR for TR, RBP, or TTR (although this decreased at 5% weight loss in the VLED group but returned to baseline after further weight loss). The changes in ASR of HDL-apoA1 (P ϭ 0.012) and ␣ 1 -AT (P ϭ 0.02) in Values are means Ϯ SD; n ϭ 6 for starvation and n ϭ 5 for VLED groups. the starvation group at 5% weight loss were greater than those in the VLED group observed at both 5 and 7% weight loss. The changes in plasma protein concentrations did not always mirror the changes in FSR or ASR (Fig. 1) . Figure 1 shows that the concentrations of different proteins do not relate to FSR, and the changes in concentrations of individual proteins often do not parallel changes in FSR. For example, during starvation, the concentration of HDL-apoA1 did not change significantly, despite a major increase in both FSR and ASR, while, in contrast, the concentration declined during the VLED study, but without alteration in FSR or ASR. These same general responses were also seen with RBP. In the case of ␣ 1 -AT, the changes in concentration, FSR, and ASR were in parallel, as all increased during starvation but not with VLED (Fig. 1) .
DISCUSSION
The extent of weight loss during starvation and during the consumption of VLED (18, 20, 43 ) is known to alter physical, psychological, and metabolic function. This study indicates that whole body protein kinetics, circulating concentrations of various nutrients and metabolites, and synthetic rates of specific hepatic secretory proteins are independent of the magnitude of weight loss but are affected by different degrees of dietary restriction that cause different rates of weight loss. The reasons for undertaking severe dietary restriction (VLED, 75% food restricted) are because 1) diets as low as 330 kcal were used for weight reduction (14) , and diets as low as 600 kcal/day are still used for this purpose (66) ; 2) such restriction is common in hospitalized patients; and 3) it allows comparisons with similar degrees of restriction reported in animal studies (38) .
At a nominal 5% weight loss, whole body protein oxidation and the synthetic rates of specific hepatic export proteins were increased in the starvation group (rapid weight loss) compared with subjects receiving VLED (slower rate of weight loss), where most of these parameters were either unchanged or reduced. The increase in whole body protein oxidation during starvation supports previous studies with lean individuals (40, 53, 69, 70) . This contrasts with the VLED treatment, where protein synthesis, breakdown, and oxidation were reduced during weight loss (significant at 7% weight loss relative to the baseline values for synthesis and breakdown only). This agrees with earlier observations that long-term nutrient restriction, either with low-protein or protein-free diets, leads to an adaptation with reduced protein turnover and lowered amino acid catabolism (9, 11) . The technique of constant infusion of a low concentration of leucine as a tracer, which was used in this study, is the preferred method for measuring protein kinetics (59, 73) . However, like in other tracer methods, it has not been fully validated in all nutritional and inflammatory states.
The apparent discrepancy at 5% weight loss between the higher rate of leucine oxidation in starvation than VLED (17.2 vs. 11.7 mol⅐kg Ϫ1 ⅐h Ϫ1 , P ϭ 0.012), yet with similar rates of urine N excretion (10.83 vs. 10.27 g N/day; not significant), reflects the fact that the isotope kinetics, measured after an overnight fast, represent oxidation of endogenous protein, whereas the urinary losses over 24 h will also include catabolism of the dietary protein supplied in the VLED. Diurnal protein metabolism, including production of urea, is known to follow fed or fasted conditions, with the magnitude influenced by absolute N intake (56, 58) . Although urinary N loss did not differ between the two dietary treatments, the loss of endogenous protein was greater (both absolute and relative to body weight) for the starvation group.
Provision of even a limited supply of carbohydrate and amino acids by VLED may reduce the dependency on endog- Values are means Ϯ SD; n ϭ 6 for starvation and n ϭ 5 for VLED groups. SPANOVA, split level repeated-measures ANOVA. *P Ͻ 0.05 vs. baseline. Values are means Ϯ SD; n ϭ 6 for starvation and n ϭ 5 for VLED groups. NEFA, nonesterified fatty acid; TAG, triacylglycerol. *P Ͻ 0.05 vs. baseline. http://ajpendo.physiology.org/ enous carbon from amino acids to support gluconeogenesis and maintain glycemia. Indeed, infusion of glucose to fasted cattle decreases urinary N losses by ϳ50% (55). In the undernourished state, utilization of amino acids for gluconeogenesis will result in elevated net protein catabolism and increase excretion of N and oxidation of ketogenic amino acids, such as leucine, released from protein degradation. The changes in circulating metabolites observed during starvation and VLED are those expected, with the starvation group showing greater reduction in glucose and retinol concentrations along with greater increments in nonesterified fatty acid and ␤-hydroxybutyrate concentrations, reflecting increased lipolysis and ketogenesis. These changes also provide the biochemical validation of starvation and VLED. The reason for the decrease in circulating iron concentration only in the VLED group is unclear, but interpretation would be aided by measurements of circulating iron carrier proteins. Starvation and the VLED also differed in their impact on synthesis of liver export proteins. The changes in FSR and ASR of the measured proteins also tended to be greater during starvation than in VLED, particularly for RBP (FSR), ␣ 1 -AT (ASR), and HDLapoA1 (both FSR and ASR). Indeed, these remained greater for the fasted group even compared with greater weight loss during VLED. However, an initial decrease in ASR of TTR observed in the VLED group at 5% body weight loss returned back to baseline values upon further weight loss. Recent dietary intake has been suggested to affect physical and psychological function independently of the magnitude of weight loss (29, 37, 39, 41) , and the present study suggests the same also applies to aspects of metabolic function. Understanding the underlying mechanisms that control protein synthesis also requires appreciation of the subtle specificities involved. This was clearly illustrated by the starvation-induced increases in FSR (and ASR) of HDL-apoA1 and ␣ 1 -AT, but not for TR or TTR. A number of potential regulators are probably involved. For example, previous studies have shown that HDL-apoA1 can act both as an anti-inflammatory protein by suppressing the effects of cytokines on their induction of adhesion molecules by endothelial cells and as an antioxidant by reducing oxidized low-density lipoprotein, which has been implicated in the inflammation process involved in cardiovascular disease (42) . Results from this study support previous reports of increased concentrations of HDL apoA1 and HDL cholesterol during anoxeria nervosa (54), along with the modulation of the HDL apoA1 gene by dietary restriction (2, 5, 31) . Although the precise mechanism(s) involved in the regulation of HDLapoA1 gene or changes in plasma concentration of HDLapoA1 during starvation is still not known, the increased change in HDL-apoA1 synthesis may be indicative of a change in lipid (TAG) and cholesterol transport accompanied by a possible suppression of cytokines that might be released during starvation.
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The increase in ␣ 1 -AT synthesis observed for the starvation but not the VLED group would suggest involvement of stressrelated events, because synthesis of acute phase proteins is responsive to cytokines and stress hormones, including the corticosteroids, catecholamines, and glucagon. In addition, ␣ 1 -AT is known to be an anti-proteolytic enzyme, which is involved in the inhibition of neutrophil elastase, thereby protecting extracellular structures from proteolysis by neutrophil elastase released by activated or disintegrating neutrophils (13) . Insulin may also be involved, because this is known to decrease to a greater extent during total fasting than when small amounts of carbohydrate are consumed (32) and has differential effects on the synthesis of hepatic export proteins in humans [e.g., a decrease in the synthesis of fibrinogen and an increase in albumin (15, 16) ] and also reduces fibrinogen synthesis in swine without an overall effect in metabolism of Values are means Ϯ SD; n ϭ 6 for starvation and n ϭ 5 for VLED groups. HDL-apoA1, high-density lipoprotein apolipoprotein A1; RBP, retinol binding protein; TTR, transthyretin; ␣1-AT, ␣1-antitrypsin; TR, transferrin. *P Ͻ 0.05 vs. baseline. Values are means Ϯ SD; n ϭ 6 for starvation and n ϭ 5 for VLED groups. FSR, fractional synthetic rate. *P Ͻ 0.05 vs. baseline.
constitutive liver proteins (4) . Specific nutrients may also play a role, e.g., iron status regulates synthesis of the carrier protein, TR, in the isolated, perfused rat liver (52) and a human hepatoma cell line (6) . Furthermore, plasma concentrations and patterns of amino acids differ between subjects receiving no food (67) or very low calorie diets (28, 71) . A low protein diet in humans (0.6 k⅐ kg Ϫ1 ⅐day
Ϫ1
) for 7 days increased acute protein synthesis (haptoglobin and fibrinogen), whereas the synthesis of nutrient transport proteins (albumin, VLDL-apoB100, and HDL-apoA1) decreased (40) . This was associated with an increase in the plasma concentration of interleukin-6 and suggested that a low-grade inflammatory process was responsible (33) . Cytokines were not measured in the present study, but the known responsiveness of ␣ 1 -AT to proinflammatory cytokines would suggest these may have increased in the starvation group (10) . Although the liver is considered the dominant source of the export proteins measured in this study, other tissues may also contribute to plasma concentrations. For example, in the rat, RBP mRNA is produced in extra hepatic tissues (e.g., kidney mRNA levels of 5-10% of that of the liver and lungs, spleen, brain, stomach, heart, and skeletal muscle, 1-3% of the level found in the liver) (64) . Interestingly, this extra-hepatic RBP does not appear to perform all the physiological functions of hepatic RBP (57) .
A reduction in the plasma concentration of a secreted protein has often been interpreted as being due to a reduction in synthesis, such as cited for RBP and TTR, which are widely used as markers of visceral protein status (35, 51, 60) . It has also been assumed that the changes are due to reduced availability of amino acids or dietary protein (3). While some support for this assumption comes from animal studies (7, 12) , the present study shows this cannot be applied generally. For example, the synthesis rates of RBP and TTR were unchanged, despite significant decreases in plasma concentrations. Other proteins, such as HDL-apoA1, showed no significant concentration change during starvation but a major increase in FSR and ASR, whereas ␣ 1 -AT showed simultaneous increases in concentration, FSR, and ASR. For some, but not all proteins, therefore, a clear dissociation exists between plasma concentration and synthesis rates. Factors that contribute to these Values are means Ϯ SD; n ϭ 6 for starvation and n ϭ 5 for VLED groups. ASR, absolute synthesis rate. *P Ͻ 0.05 vs. baseline.
apparent discrepancies include independent effects on the catabolism of individual proteins and changes in the distribution of individual proteins between the intra-and extracellular spaces. The catabolism of plasma proteins occurs in a variety of tissues (50) , including the liver (45) , and probably under different control mechanisms. In addition, RBP is lost in urine, especially under inflammatory stress conditions (65) . The metabolic response to starvation will probably vary according to initial body composition, age, and sex, so the results of this study undertaken in lean male adults should not be extrapolated to other groups. It is difficult to link our observation on the concentration and kinetics of liver secretory proteins with health implications at high and slow rates of weight loss, without full knowledge of the interorgan transport of the nutrients they carry and the functional consequences of this transport. However, starvation appears to induce a greater inflammatory response than VLED, and this represents an added stress. The ␣ 1 -AT concentration and its synthetic rate is a marker of this inflammatory process, and the increase in ASR of HDL-apoA1 could be interpreted as part of a protective anti-inflammatory process. Starvation as a means of weight loss is now no longer recommended as a method for long-term weight loss and maintenance, and the biochemical data from this study are consistent with this view. In addition, there are a number of other important biochemical and functional differences between starvation and VLED. These are shown in Table 5 and include psychological function, such as subjective feelings of fatigue, and physical function, such as physical activity and basal metabolic rate (data not shown in this study), which is often transiently increased during starvation (18) but not VLED.
These findings add to the understanding of the mechanisms involved in the responses to different degrees of dietary restriction in normal weight men that may result from, for example, prolonged restricted dietary intake before surgery, hunger strikes, stunt fasts, or natural disasters. Such understanding may lead to improved management strategies of these or similar situations. However, we should not extrapolate our findings to overweight or obese individuals undergoing weight loss who may respond differently to starvation and VLED than our initially lean subjects. In addition, we do not know how these mechanisms may be modified by coexistent disease or injury, and these remain areas for further investigation.
In summary, this study suggests that the concentration and synthetic rates of several hepatic proteins respond to weight loss, but these changes are probably due more to the degree of dietary restriction (starvation vs. VLED) than the magnitude of weight loss. The study also challenges the concept of tight coupling between synthesis and circulating concentration of specific proteins, including those suggested as markers of visceral protein status (e.g., RBP, TTR).
The differences in whole body protein kinetics, especially the difference between synthesis and breakdown during the rapid weight loss of starvation and the slower weight loss of VLED, have implications for the function of cells and tissues and strategies for the endogenous provision of amino acids.
